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Perceptual accuracy is known to be influenced by stimuli location within the visual
field. In particular, it seems to be enhanced in the lower visual hemifield (VH) for
motion and space processing, and in the upper VH for object and face processing.
The origins of such asymmetries are attributed to attentional biases across the
visual field, and in the functional organization of the visual system. In this article,
we tested content-dependent perceptual asymmetries in different regions of the
visual field. Twenty-five healthy volunteers participated in this study. They performed
three visual tests involving perception of shapes, orientation and motion, in the
four quadrants of the visual field. The results of the visual tests showed that
perceptual accuracy was better in the lower than in the upper visual field for
motion perception, and better in the upper than in the lower visual field for shape
perception. Orientation perception did not show any vertical bias. No difference
was found when comparing right and left VHs. The functional organization of the
visual system seems to indicate that the dorsal and the ventral visual streams,
responsible for motion and shape perception, respectively, show a bias for the lower
and upper VHs, respectively. Such a bias depends on the content of the visual
information.
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INTRODUCTION
Human visual perception is not uniform in different regions of the visual field (Levine and
McAnany, 2005). van Doorn et al. (1972) were among the first ones to study this topic in 1972.
They found that the constitution of the receptor population in the retina strongly depends
on the eccentricity, with higher density of photoreceptors in the center, and lower in the
periphery. Perceptual differences go far beyond simple detection of light stimuli. Investigations
of visual vertical asymmetries, for instance, historically favored the lower visual hemifield (VH)
relative to the upper one. Talgar and Carrasco (2002) found, for example, higher perceptual
accuracy when a behavioral task involving spatial resolution was performed in the lower
VH. Similar results were found for contrast sensitivity (Carrasco et al., 2001) and motion
processing (Levine and McAnany, 2005; Amenedo et al., 2007). However, an upper VH advantage
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was found in studies on visual search tasks (Previc and
Naegele, 2001; Pflugshaupt et al., 2009) or detection of
changes of letters in a word (Rutkowski et al., 2002). In
the last 10 years, researchers extended the knowledge about
perceptual asymmetries for low-level stimulus type (e.g., light
sensitivity) to higher level visual processing (e.g., complex shapes,
face processing). Studies using neuroimaging techniques and
behavioral experiments showed that object-selective neurons
are highly sensitive to stimulus position in the visual scene,
and the ability to differentiate objects and faces based on
their response is greatly variable across different positions in
the visual field (Afraz et al., 2010; Kravitz et al., 2010). In
line with these results, a recent experiment, conducted by
Quek and Finkbeiner (2016), found that face processing is
more accurately processed at above-fixation than below-fixation
locations (Quek and Finkbeiner, 2016), and others found that
face processing, in general, enjoys an upper VH advantage
(Felisberti and McDermott, 2013).
In previous literature, two main explanations have been used
in order to address such perceptual differences involving spatial
attention and structural organization of the visual system. Drain
and Reuter-Lorenz (1996), on the one hand, demonstrated, with a
behavioral task involving length judgments of vertically oriented
lines, that vertical biases are mediated by attentional factors,
and are linked to the activation of the dorsal and ventral visual
streams. On the other hand, Kravitz et al. (2013) showed, in
studies on object perception, that, since the representation of
the upper VH in the early visual cortex is contained below the
calcarine sulcus (Sereno et al., 1995), presenting objects in the
upper VH would enable more efficient transfer of information to
the ventral stream in the temporal lobe. Transfer to the ventral
visual stream from the dorsal stream, where information relative
to the lower VH is initially projected, may take longer, and
this is translated into vertical perceptual differences for object
perception (Kravitz et al., 2010, 2013).
In the present study, we describe the results of novel
behavioral tests, developed in order to target specific aspects
of visual processing, and performed in different regions of the
visual field. We used a previously developed visual test battery
to selectively target perception of shape, orientation and visual
motion (Zito et al., 2014), and implemented it in the four
quadrants of the visual field. The novelty of our approach is
that we used a real-time fixation control to account for eye
movements, in the way that the tests could be performed only
under central fixation. This aspect is crucial because, as suggested
by Rezec and Dobkins (2004), when participants are free to move
their eyes, the potential for a ‘‘scanning bias’’ (i.e., the tendency
to begin a serial search in a particular region of space) is high,
and this could mask location-dependent perceptual differences.
Furthermore, the fixation control allowed to precisely place
stimuli in specific regions of the visual field.
The following hypothesis was tested: perceptual asymmetries
in the visual field are content-dependent, in the way that shape
perception exhibits a bias in perceptual accuracy that favors the
upper VH, while motion perception exhibits a bias in perceptual
accuracy that favors the lower VH. No perceptual differences are
expected when comparing right and left VHs.
MATERIALS AND METHODS
Participants and Ethical Approval
Twenty-five healthy volunteers (6/14 right-handed men and
6/11 right-handed women, mean age = 28.0, SD = 4.6 years)
were recruited to participate in the study. All subjects had
a post-secondary education degree, normal or corrected-to-
normal vision, normal alertness levels and were unaware of the
hypotheses of the study.
The study was carried out in accordance with the latest version
of the Declaration of Helsinki, and was approved by the Ethics
Committee of the Canton of Bern, Switzerland.
Experimental Design
Prior to the study, all subjects gave written informed consent.
Subjects performed a practice session of the visual tests, followed
by the actual testing session. Since few studies reported a
relationship between visual asymmetries and alertness (Fimm
et al., 2006; Heber et al., 2008), subjects also performed an
alertness task (Zimmermann and Fimm, 2002), in order to
control for the potential influence of this variable.
The duration of the experiment was about 1 h, comprising of
5 min for general assessment and training session, 5 min for the
alertness task, and 4 min per each of the 12 subtasks of the actual
session.
For the visual tests, subjects were seated on a height-adaptable
chair at 60 cm from a 15.6′′ screen (resolution of 1366 × 768
pixels) of an Intelr CoreTM i5 (2.6 GHz) computer running
Windows 7 Operating System (Microsoft Inc.,). Subjects placed
their right index finger on the letter ‘‘L’’ button of a keyboard in
front of them, and the left index finger on the letter ‘‘A’’ button.
They were asked to perform a two-alternative yes/no forced-
choice task, by pressing ‘‘L’’ for ‘‘yes’’ and ‘‘A’’ for ‘‘no’’. The task
was self-paced, but subjects were encouraged to react as fast as
possible.
Three different subtasks, whose stimulus material was a
modified version of the one described in previous studies
(Zito et al., 2014, 2015a,b), were administered. Each subtask
was repeated four times, in random order, each time in a
different quadrant of the visual field. The level of difficulty of
the single repetitions, in each subtask, was varied following a
staircase paradigm with at least 20 steps (Wang et al., 2002;
Pierce et al., 2013). The goal of the staircase paradigm was to
measure the visual perceptual threshold (i.e., the minimum step
of the staircase that could be correctly identified). For each
subtask, the 20 steps were presented in random order but, in
case of wrong judgment, the same step was presented four more
times, again in random order, in order to make sure that the
wrong answer was due to a perceptual limitation, and not due to
other causes, such as distraction. Between two consecutive steps,
a texture with random noise was shown for a duration of 1 s, in
order to washout potential after-images effects across repetitions.
Visual Tests
In the first subtask, called Movement Task, a pattern of 200
small dots, with a diameter of 0.5◦ visual angles (VA) was
Frontiers in Behavioral Neuroscience | www.frontiersin.org 2 June 2016 | Volume 10 | Article 128
Zito et al. Perceptual Differences in the Visual Hemifields
FIGURE 1 | Visual tests setup, with the three subtasks, as they appeared to the subjects. (A) Movement Task performed, for example, in the top-left part of
the visual field. For graphical reasons, only fewer dots than in the actual task are displayed. The arrows represent the direction of motion. In this case, the upward
moving pattern is present, as shown by the red arrows. (B) Shape Task performed, for example, in the top-right part of the visual field. In this case, the presented
shape is not a circle. (C) Orientation Task performed, for example, in the bottom-left part of the visual field. In this case the line is not vertically oriented.
presented at 4◦ VA eccentricity from a central fixation marker,
placed at 0◦ VA (Figure 1A). A portion of the dots moved
coherently upward, in order to convey a sense of coherent
motion, while the remaining dots were given displacements
from a flat distribution of directions spanning 360◦, in order
to create background noise (Rizzo and Nawrot, 1998). Subjects
had to decide whether the pattern of dots moving coherently
upward was present or not. For this subtask, the performance
was measured as the inverse of the least dot coherence correctly
detected by the subjects, defined as the minimum ratio between
the number of dots moving coherently in a pattern and the
total number of dots that was still recognized as a pattern.
Smaller ratios resulted in a wrong judgment by the subjects.
The performance was thus assessed according to the following
formula:
Performance
=
(
1− number of dots moving coherently upward
total number of dots
)
• 100
For this subtask, the steps of the staircase were determined by
the dots coherence, ranging from 0 to 60%, with a step size
of 3%.
In the second subtask, called Shape Task, an ellipse with
a major axis dimension of 3◦ VA was presented at 4◦ VA
eccentricity from the fixation marker (Figure 1B). Here subjects
had to decide whether the presented shape was a circle or
not. The performance was assessed as the ratio between the
major and the minor axes of the ellipse at perception threshold,
normalized with respect to 100%. For this subtask, the steps of the
staircase were determined by the ratio of the ellipse axes, ranging
from 0.7 to 1, with a step size of 0.015. In the third subtask,
called Orientation Task, a dotted line with length of 3◦ VA
was presented at 4◦ VA eccentricity from the fixation marker
(Figure 1C). Subjects had to decide whether the presented line
was vertically oriented or not. The performance here was assessed
as the actual angle of the line at perception threshold, normalized
with respect to 100%. For this last subtask, the steps of the
staircase were determined by the line angles, ranging from 85 to
95◦, with a step size of 0.5◦.
The visual tests were performed under central fixation, which
was controlled by means of an eye-tracking system placed at the
bottom of the computer screen (SMI REDm, SMI GmbH). If the
subjects moved their gaze outside an allowed region of ± 2◦ VA
from the central fixation marker, the visual stimuli disappeared,
and they only reappeared when the central fixation marker was
fixated again.
Tonic and phasic alertness were measured with the Test of
Attentional Performance (TAP; Zimmermann and Fimm, 2002).
Data Analysis
For the analysis of the results, the whole visual field was divided
into VHs. The upper VH was compared to the lower one, and
the right VH was compared to the left one. The performances
in the upper and lower VHs, and in the right and left VHs,
were computed as the mean value of the two performances
from the respective quadrants. More in detail, the performances
in the top-left and top-right quadrants, and in the bottom-
left and bottom-right quadrants, respectively, were averaged in
order to calculate the performance in the upper and lower
VHs, respectively. Similarly, the performances in the top-left
and bottom-left quadrants, and in the top-right and bottom-right
quadrants, respectively, were averaged in order to calculate the
performance in the left and right VHs, respectively.
Response latency was defined as the time to perform one
subtask in one quadrant. Response latencies, in the upper and
lower VHs, and in the right and left VHs, were computed in the
exact same way as the performance.
The performances in the upper and lower VHs were
entered in a repeated-measures analysis of variance (ANOVA)
with within-subjects factors LOCATION (upper, lower)
and SUBTASK (Movement, Shape, Orientation), and
the between-subjects factor HANDEDNESS (right, left).
Similarly, the performances in the left and right VHs were
entered in a repeated-measures ANOVA with within-
subjects factors LOCATION (left, right) and SUBTASK
(Movement, Shape, Orientation), and the between-subjects
factor HANDEDNESS (right, left). Tukey’s honestly
significant difference (HSD) tests were used for post hoc
comparisons. The same analyses were conducted for the
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FIGURE 2 | Performance in the visual hemifields (VHs) for the Movement Task, the Shape Task and the Orientation Task, respectively. (A) Mean
performance in the upper and lower VHs. (B) Mean performance in the left and right VHs. Asterisks depict significant differences at p < 0.05, assessed with Tukey’s
honestly significant difference (HSD) post hoc tests. Error bars represent the standard error of the mean.
response latency in the upper and lower VHs, and in the left
and right VHs, respectively. The observed power was also
studied.
Pearson’s correlations were calculated to study the
relationship between the Movement and the Orientation
Task, the Movement and the Shape Task, the Shape and the
Orientation Task, respectively, over the whole visual field. Data
were analyzed with STATISTICA 8.0 (StatSoft Inc.,). Post hoc
power analysis was also conducted.
The anonymized dataset used for the analyses in this
article is available on request. For further information on
this database, please contact the corresponding author
Tobias Nef (tobias.nef@artorg.unibe.ch) or Giuseppe Zito
(giuseppe.zito@artorg.unibe.ch).
RESULTS
The results of the three visual subtasks, when upper and lower
VHs were considered, are shown in Figure 2A, while the
results when left and right VHs were considered are shown in
Figure 2B.
ANOVA on the performance in the upper and lower VHs
showed a main effect of factor SUBTASK [F(2,23) = 103.92,
p < 0.01]. Post hoc analysis revealed that the Orientation Task
reached the highest score among the three subtasks (p < 0.05
in both post hoc comparisons with the Shape Task and the
Movement Task), with an accuracy over the whole visual field
of 97.8% (± 0.6%), followed by the Shape Task (p < 0.05 in
the post hoc comparison with the Movement Task), with an
accuracy of 89.2% (± 2.7%), and finally by the Movement Task,
with an accuracy of 83.1% (± 5.1%). No significant main effect
of factor LOCATION was found [F(1,24) = 0.06, p = 0.80].
A significant effect of interaction SUBTASK × LOCATION
was also found [F(2,23) = 8.48, p < 0.01]. Post hoc analysis
revealed that the performance was better in the lower VH
than in the upper VH for the Movement Task (p < 0.05).
Conversely, the performance was better in the upper VH than
in the lower VH for the Shape Task (p< 0.05). The performance
for the Orientation Task did not differ between the upper and
the lower VHs. No main effect of factor HANDEDNESS was
found [F(1,24) = 0.23, p = 0.64]. Neither effects of interaction
HANDEDNESS × TASK [F(2,23) = 0.10, p = 0.90], nor
HANDEDNESS × LOCATION [F(1,24) < 0.01, p = 0.95],
nor HANDEDNESS × LOCATION × TASK [F(2,23) = 0.36,
p = 0.70] were found. Post hoc power analysis on the effect
of interaction SUBTASK × LOCATION showed that, with a
computed partial η2 of 0.27 and α = 0.05, the corresponding
effect size f = 0.61. The post hoc power was finally 0.95, which
can be considered adequate according to Cohen (1988).
In line with the results of the previous analysis, ANOVA on
the performance in the left and right VHs showed amain effect of
factor SUBTASK [F(2,23) = 103.67, p < 0.01]. Neither significant
main effect of factor LOCATION [F(1,24) = 0.11, p = 0.74],
nor significant effect of interaction SUBTASK × LOCATION
[F(2,23) = 1.12, p = 0.34] were found. No main effect of factor
handedness was found [F(1,24) = 0.21, p = 0.65]. Neither effects
of interaction HANDEDNESS× TASK [F(2,23) = 0.09, p= 0.92],
nor HANDEDNESS × LOCATION [F(1,24) = 0.04, p = 0.83],
nor HANDEDNESS × LOCATION × TASK [F(2,23) = 1.00,
p= 0.37] were found.
ANOVA on the response latencies in the upper and lower
VHs showed a main effect of factor SUBTASK [F(2,23) = 44.72,
p < 0.01]. Again, post hoc analysis revealed that the Movement
Task, as compared with the other two subtasks, took the longest
to be performed (p < 0.05 in both post hoc comparisons
with the Shape Task and the Orientation Task), with a mean
response latency of 2.53 s (± 1.08 s). No significant differences
were found in the response latency between the Shape Task
(1.33 ± 0.41 s) and the Orientation Task (1.11 ± 0.28 s). The
main effect of factor LOCATION showed only a trend towards
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significance [F(1,24) = 3.41, p = 0.08]. No significant effect of
interaction SUBTASK × LOCATION was found [F(2,23) = 0.85,
p = 0.43]. No main effect of factor HANDEDNESS was
found [F(1,24) = 0.17, p = 0.68]. Neither effects of interaction
HANDEDNESS × TASK [F(2,23) = 0.02, p = 0.98], nor
HANDEDNESS × LOCATION [F(1,24) = 0.06, p = 0.80],
nor HANDEDNESS × LOCATION × TASK [F(2,23) = 0.95,
p= 0.39] were found.
Similar results were found in the ANOVA on the response
latencies in the left and right VHs, with a main effect of
factor SUBTASK [F(2,23) = 44.14, p < 0.01], no significant
effect of factor LOCATION [F(1,24) = 0.73, p = 0.40], and no
effect of interaction SUBTASK × LOCATION [F(2,23) = 2.12,
p = 0.13]. No main effect of factor HANDEDNESS was
found [F(1,24) = 0.16, p = 0.69]. Neither effects of interaction
HANDEDNESS × TASK [F(2,23) = 0.02, p = 0.98], nor
HANDEDNESS × LOCATION [F(1,24) = 0.21, p = 0.65],
nor HANDEDNESS × LOCATION × TASK [F(2,23) = 0.42,
p= 0.66] were found.
The correlation analysis showed that the Movement Task and
the Shape Task positively correlated with the Orientation Task,
(ρ = 0.38, p = 0.03 for Movement and Orientation, ρ = 0.52,
p = 0.004 for Shape and Orientation), but not with each other
(ρ=−0.04, p= 0.42).
DISCUSSION
The main finding of our study is that differences in perceptual
accuracy across the visual field are content-dependent. In
particular, motion perception was more accurate in the lower
VH, while shape perception was more accurate in the upper VH.
Such differences were not significant when the right and the left
VHs were compared.
Focusing on motion perception alone, previous research
found a lower VH advantage for space and motion processing
(Levine and McAnany, 2005; Amenedo et al., 2007), which
is line with our results of the Movement Task. Rezec and
Dobkins (2004) for instance, found a lower VH advantage for
motion segmentation, and interpreted it as an attentional bias
in favor of the lower VH. They suggested that asymmetries in
visual accuracy are attentional, rather than sensory, and are a
consequence of uneven distribution of attention across the visual
field (i.e., attentional weighting). However, others reported that
the lower VH preference is not simply due to finer selective
attention, but rather to visual constraints (Talgar and Carrasco,
2002; Levine and McAnany, 2005), and an attentional bias
towards the lower VH per se would not explain the upper VH
advantage found in our Shape Task.
An ecological theory that takes into account only the lower
VH advantage observed in our Movement Task was found by
Previc (1990). From an evolutionary point of view, the lower
VH is more closely associated with the peripersonal space, where
the hands interact with food, tools, and objects, and it requires
fine analysis of the visual motion of the objects (Dessing et al.,
2013). In contrast, the upper VH is more closely associated with
the extrapersonal space, where stimuli are far away, and high
accuracy of visual motion performance is not needed (Previc,
1990).
Concerning shape perception alone, studies on object
recognition showed controversial results (Kravitz et al., 2008).
In particular, these studies analyzed the size of the neuronal
receptive fields (i.e., the range of retinal positions in which
stimuli elicit responses), which is known to play an important
role in position-dependence for object recognition, in the way
that the larger the receptive field, the weaker the position
dependence. They found that the receptive fields, in monkeys,
increase in size along the ventral visual stream (Kobatake and
Tanaka, 1994), spanning from 1◦ VA in V1 to more than 20◦ VA
in the inferior temporal regions (Richmond et al., 1983). This
suggested, thus, a position-independent recognition of objects
in the later stages of visual perception. However, in another
study, a higher heterogeneity of receptive field sizes in the inferior
temporal cortex was found, ranging from 2.8◦ to 26◦ VA (Op De
Beeck and Vogels, 2000), and thus suggesting the opposite, i.e.,
a position-dependent object recognition. Furthermore, receptive
field size has been reported to vary with task demand (DiCarlo
and Maunsell, 2003), and object representations are believed to
arise from the responses of whole populations of neurons, rather
than single neuronal cells (DiCarlo and Cox, 2007). This makes
position-dependence of object recognition difficult to predict.
Our behavioral results on the upper and lower VHs support the
thesis of position-dependence for object recognition, because our
Shape Task showed differential accuracy in subregions of the
visual field.
An explanation that takes into account both the lower
VH advantage for motion perception and the upper VH
advantage for shape perception might be found in the functional
organization of the visual cortex. Anatomical and physiological
observations in monkeys indicated that, in early stages of visual
processing, cells are separated in distinct pathways, and are
selective for color, shape, movement, and orientation. Shape
and color seem to be mainly derived from the parvocellular
pathway, while space- andmovement-selective components from
the magnocellular pathway. The magno- and the parvo-cells,
in turn, project into the dorsal and ventral visual streams,
respectively (Livingstone and Hubel, 1988). Therefore, the dorsal
stream, receiving predominantly magnocellular inputs, responds
well to motion stimuli (Huberle et al., 2012; Pitzalis et al., 2013).
Conversely, the ventral stream, with predominantly parvocellular
inputs, is optimized for encoding information about color,
shape and more in general, stationary stimuli (Merigan and
Maunsell, 1993; Van den Stock et al., 2014). Moreover, many
areas in the dorsal stream show a bias for the lower VH
(Danckert and Goodale, 2001), and vice versa, areas in the
ventral stream show a bias for the upper VH (Kravitz et al.,
2010, 2013). In line with these aspects, our Shape Task, which
is supposedly processed in the ventral stream, exhibited a
bias in favor of the upper VH, while the Movement Task,
supposedly processed in the dorsal stream, showed a lower VH
advantage. The segregation between the mechanisms subtending
the two subtasks was supported by the lack of correlation
between the performances in the Movement and the Shape
Task.
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The Orientation Task did not show any vertical bias.
Perception of visual orientation is known to occur in V1
(Roe and Ts’o, 2015). V1 receives input from the magno- and
the parvo-cellular pathways, and projects into the two visual
streams, as the correlation between Orientation Task and Shape
Task, and Orientation Task and Movement Task, supported.
However, recent studies on monkeys found no evidence of
vertical asymmetries in V1 at this stage of visual perception,
but only a decrease of visual accuracy from the foveal region to
the periphery, suggesting, thus, that the neuronal populations
in V1 follow a radial differentiation in processing accuracy,
and the content-dependent vertical bias only occurs at later
stages of visual perception (Palmer et al., 2012; Chaplin et al.,
2013).
Perceptual differences in different regions of the visual
field were also described in a comparison between the
right and the left VHs. Studies in patients with unilateral
lesions of the inferior temporal cortex (Biederman et al.,
1997) and in macaques (Merigan and Saunders, 2004)
suggest that there are two independent groups of neurons,
each responsive to stimuli in only one VH. Therefore,
visual accuracy, in the right and left VHs, should show a
certain degree of position dependence. Our results did not
confirm this pattern, because no differences were found between
the right and left VHs, in any of the proposed subtasks.
Nevertheless, it is possible that, in healthy subjects, this
horizontal bias is not as pronounced as the vertical one, and
our measurement method was not able to detect such small
differences.
A final remark has to be made concerning the differences
in the performance in the three subtasks over the whole
visual field. The Orientation Task reached the highest accuracy,
followed by the Shape Task, and finally by the Movement
Task. This suggests that the difficulty level was not identical
across the three subtasks, but the Orientation Task was the
easiest to perform, the Shape Task was the second easiest,
and the Movement Task the most difficult. Previous research
showed that motion and shape are complementary features of
visual objects, and both contribute to achieve efficient object
recognition (Schultz et al., 2008), but motion was found to
play a minor role in object discrimination compared to shape
(Vuong et al., 2012). This might suggest that shape perception
is somewhat more accurate than motion perception and in line
with our results, a task involving pure motion discrimination,
like our Movement Task, showed lower accuracy than a task
with pure shape perception, like our Shape Task. The results of
the response latency seem to indicate a similar pattern, because
the time to complete the Movement Task was significantly
higher than the time to complete the other two subtasks.
However, the time spent on the Movement Task cannot be
only attributed to the difficulty of the task itself, but also
to its nature, as motion detection involves by definition a
temporal component (Sekuler et al., 1975) and thus, a certain
processing delay which is not present in the detection of static
objects.
In conclusion, the main strength of the present study
is that, to the best of our knowledge, for the first time
a model to test behavioral differences in motion, shape,
and orientation perception within the same paradigm
was developed. From the technical point of view, the
fixation control used in our experiments resulted to be
advantageous, because perceptual differences due to a
‘‘scanning bias’’ could be excluded, and the visual stimuli
could be exactly placed in precise regions of the visual
field.
A possible limitation of our approach is that the visual tests
were performed on a 15.6′′ computer screen and especially for
the Orientation Task, the borders of the screen might have
been used as a reference for vertical lines. However, given
the distance between the participants’ eye and the screen,
and the central fixation maintained for the entire duration of
the experiment, the upper and lower borders of the screen
were located at about 9.5◦ VA, the right and left ones at
about 16◦ VA. At such eccentricities, visual acuity is less
than 30% of its maximum in the fovea (Hunziker, 2006), and
an high impact on perception of visual stimuli can thus be
excluded.
Another possible limitation relies on the different
difficulty levels found for the three subtasks. It might be
possible that, with equally difficult tasks, the effects shown
in the present study would become more pronounced.
As shown by Bankó et al. (2011), perceptual decision-
making involves a task difficulty component and in turn,
task difficulty can be manipulated by adding noise to
the stimuli. Accordingly, a possible outlook would thus
be the development of a novel paradigm, in which the
difficulty level is systematically manipulated, for instance
by embedding the stimuli in a texture of random noise, and
adjusted, prior to the experiment, to the subjects’ individual
performance.
AUTHOR CONTRIBUTIONS
GAZ designed the experiment, carried out the measurement,
analysis and interpretation of the results. DC contributed to the
discussion of the results. RMM and UPM gave substantial help
in the conceptual development of the study. TN coordinated
the study and helped with the experiment design. All authors
contributed in reading, correcting and approving the final
manuscript.
FUNDING
This study was funded by the ARTORG Center for
Biomedical Engineering Research (University of Bern, Bern,
Switzerland), the Department of Neurology (Inselspital,
Bern, Switzerland) and the University Hospital of Old Age
Psychiatry and Psychotherapy (University of Bern, Bern,
Switzerland).
ACKNOWLEDGMENTS
We would like to express our thankfulness to all the volunteers
who participated in our experiment.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 6 June 2016 | Volume 10 | Article 128
Zito et al. Perceptual Differences in the Visual Hemifields
REFERENCES
Afraz, A., Pashkam, M. V., and Cavanagh, P. (2010). Spatial heterogeneity in the
perception of face and form attributes.Curr. Biol. 20, 2112–2116. doi: 10.1016/j.
cub.2010.11.017
Amenedo, E., Pazo-Alvarez, P., and Cadaveira, F. (2007). Vertical asymmetries in
pre-attentive detection of changes in motion direction. Int. J. Psychophysiol. 64,
184–189. doi: 10.1016/j.ijpsycho.2007.02.001
Bankó, É. M., Gál, V., Körtvélyes, J., Kovács, G., and Vidnyánszky, Z.
(2011). Dissociating the effect of noise on sensory processing and overall
decision difficulty. J. Neurosci. 31, 2663–2674. doi: 10.1523/JNEUROSCI.2725-
10.2011
Biederman, I., Gerhardstein, P. C., Cooper, E. E., and Nelson, C. A.
(1997). High level object recognition without an anterior inferior
temporal lobe. Neuropsychologia 35, 271–287. doi: 10.1016/s0028-3932(96)
00075-9
Carrasco, M., Talgar, C. P., and Cameron, E. L. (2001). Characterizing
visual performance fields: effects of transient covert attention, spatial
frequency, eccentricity, task and set size. Spat. Vis. 15, 61–75. doi: 10.
1163/15685680152692015
Chaplin, T. A., Yu, H. H., and Rosa, M. G. (2013). Representation of the visual
field in the primary visual area of the marmoset monkey: magnification factors,
point-image size and proportionality to retinal ganglion cell density. J. Comp.
Neurol. 521, 1001–1019. doi: 10.1002/cne.23215
Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. 2nd Edn.
Hillsdale, NJ: L. Erlbaum..
Danckert, J., and Goodale, M. A. (2001). Superior performance for visually guided
pointing in the lower visual field. Exp. Brain Res. 137, 303–308. doi: 10.
1007/s002210000653
Dessing, J. C., Vesia, M., and Crawford, J. D. (2013). The role of areas MT+/V5
and SPOC in spatial and temporal control of manual interception: an rTMS
study. Front. Behav. Neurosci. 7:15. doi: 10.3389/fnbeh.2013.00015
DiCarlo, J. J., and Cox, D. D. (2007). Untangling invariant object recognition.
Trends Cogn. Sci. 11, 333–341. doi: 10.1016/j.tics.2007.06.010
DiCarlo, J. J., and Maunsell, J. H. (2003). Anterior inferotemporal neurons
of monkeys engaged in object recognition can be highly sensitive to
object retinal position. J. Neurophysiol. 89, 3264–3278. doi: 10.1152/jn.00358.
2002
Drain, M., and Reuter-Lorenz, P. A. (1996). Vertical orienting control: evidence
for attentional bias and ‘‘neglect’’ in the intact brain. J. Exp. Psychol. Gen. 125,
139–158. doi: 10.1037/0096-3445.125.2.139
Felisberti, F. M., and McDermott, M. R. (2013). Spatial location in brief, free-
viewing face encoding modulates contextual face recognition. i-Perception 4,
352–360. doi: 10.1068/i0582
Fimm, B., Willmes, K., and Spijkers, W. (2006). The effect of low arousal
on visuo-spatial attention. Neuropsychologia 44, 1261–1268. doi: 10.1016/j.
neuropsychologia.2006.01.027
Heber, I. A., Valvoda, J. T., Kuhlen, T., and Fimm, B. (2008). Low arousal
modulates visuospatial attention in three-dimensional virtual space.
J. Int. Neuropsychol. Soc. 14, 309–317. doi: 10.1017/S13556177080
8034X
Huberle, E., Rupek, P., Lappe, M., and Karnath, H.-O. (2012). Perception of
biological motion in visual agnosia. Front. Behav. Neurosci. 6:56. doi: 10.
3389/fnbeh.2012.00056
Hunziker, H.-W. (2006). Im Auge des Lesers: Foveale und Periphere
Wahrnehmung-vom Buchstabieren zur Lesefreude. (The Eye of the Reader:
Foveal and Peripheral Perception-from Letter Recognition to the Joy of Reading).
Zurich: Transmedia.
Kobatake, E., and Tanaka, K. (1994). Neuronal selectivities to complex object
features in the ventral visual pathway of the macaque cerebral cortex.
J. Neurophysiol. 71, 856–867.
Kravitz, D. J., Kriegeskorte, N., and Baker, C. I. (2010). High-level visual object
representations are constrained by position. Cereb. Cortex 20, 2916–2925.
doi: 10.1093/cercor/bhq042
Kravitz, D. J., Saleem, K. S., Baker, C. I., Ungerleider, L. G., andMishkin,M. (2013).
The ventral visual pathway: an expanded neural framework for the processing
of object quality. Trends Cogn. Sci. 17, 26–49. doi: 10.1016/j.tics.2012.
10.011
Kravitz, D. J., Vinson, L. D., and Baker, C. I. (2008). How position dependent is
visual object recognition? Trends Cogn. Sci. 12, 114–122. doi: 10.1016/j.tics.
2007.12.006
Levine, M. W., and McAnany, J. J. (2005). The relative capabilities of the upper
and lower visual hemifields. Vision Res. 45, 2820–2830. doi: 10.1016/j.visres.
2005.04.001
Livingstone, M., and Hubel, D. (1988). Segregation of form, color, movement
and depth: anatomy, physiology and perception. Science 240, 740–749. doi: 10.
1126/science.3283936
Merigan, W. H., and Maunsell, J. H. (1993). How parallel are the primate visual
pathways? Annu. Rev. Neurosci. 16, 369–402. doi: 10.1146/annurev.neuro.
16.1.369
Merigan,W. H., and Saunders, R. C. (2004). Unilateral deficits in visual perception
and learning after unilateral inferotemporal cortex lesions in macaques. Cereb.
Cortex 14, 863–871. doi: 10.1093/cercor/bhh045
Op De Beeck, H., and Vogels, R. (2000). Spatial sensitivity of macaque
inferior temporal neurons. J. Comp. Neurol. 426, 505–518. doi: 10.1002/1096-
9861(20001030)426:4<505::AID-CNE1>3.0.CO;2-M
Palmer, C. R., Chen, Y., and Seidemann, E. (2012). Uniform spatial spread of
population activity in primate parafoveal V1. J. Neurophysiol. 107, 1857–1867.
doi: 10.1152/jn.00117.2011
Pflugshaupt, T., von Wartburg, R., Wurtz, P., Chaves, S., Déruaz, A., Nyffeler, T.,
et al. (2009). Linking physiology with behaviour: functional specialisation of
the visual field is reflected in gaze patterns during visual search. Vision Res. 49,
237–248. doi: 10.1016/j.visres.2008.10.021
Pierce, R. S., Bian, Z., Braunstein, M. L., and Andersen, G. J. (2013). Detection of
3D curved trajectories: the role of binocular disparity. Front. Behav. Neurosci.
7:12. doi: 10.3389/fnbeh.2013.00012
Pitzalis, S., Fattori, P., and Galletti, C. (2013). The functional role of the
medial motion area V6. Front. Behav. Neurosci. 6:91. doi: 10.3389/fnbeh.2012.
00091
Previc, F. H. (1990). Functional specialization in the lower and upper visual fields
in humans: its ecological origins and neurophysiological implications. Behav.
Brain Sci. 13, 519–542. doi: 10.1017/s0140525x00080018
Previc, F. H., and Naegele, P. D. (2001). Target-tilt and vertical-hemifield
asymmetries in free-scan search for 3-D targets. Percept. Psychophys. 63,
445–457. doi: 10.3758/bf03194411
Quek, G. L., and Finkbeiner, M. (2016). The upper-hemifield advantage for
masked face processing: not just an attentional bias. Atten. Percept. Psychophys.
78, 52–68. doi: 10.3758/s13414-015-0965-7
Rezec, A. A., and Dobkins, K. R. (2004). Attentional weighting: a possible account
of visual field asymmetries in visual search? Spat. Vis. 17, 269–293. doi: 10.
1163/1568568041920203
Richmond, B. J., Wurtz, R. H., and Sato, T. (1983). Visual responses of inferior
temporal neurons in awake rhesus monkey. J. Neurophysiol. 50, 1415–1432.
Rizzo, M., and Nawrot, M. (1998). Perception of movement and shape in
Alzheimer’s. Brain 121, 2259–2270. doi: 10.1093/brain/121.12.2259
Roe, A. W., and Ts’o, D. Y. (2015). Specificity of V1–V2 orientation networks
in the primate visual cortex. Cortex 72, 168–178. doi: 10.1016/j.cortex.2015.
07.007
Rutkowski, J. S., Crewther, D. P., and Crewther, S. G. (2002). Normal readers
have an upper visual field advantage in change detection. Clin. Experiment
Ophthalmol. 30, 227–330. doi: 10.1046/j.1442-9071.2002.00509.x
Schultz, J., Chuang, L., and Vuong, Q. C. (2008). A dynamic object-processing
network: metric shape discrimination of dynamic objects by activation of
occipitotemporal, parietal and frontal cortices. Cereb. Cortex 18, 1302–1313.
doi: 10.1093/cercor/bhm162
Sekuler, R., Watamaniuk, S., and Blake, R. (1975). Motion perception. Vis. Res. 27,
755–764.
Sereno, M. I., Dale, A., Reppas, J., Kwong, K., Belliveau, J., Brady, T., et al.
(1995). Borders of multiple visual areas in humans revealed by functional
magnetic resonance imaging. Science 268, 889–893. doi: 10.1126/science.
7754376
Talgar, C. P., and Carrasco, M. (2002). Vertical meridian asymmetry in spatial
resolution: visual and attentional factors. Psychon. Bull. Rev. 9, 714–722. doi: 10.
3758/bf03196326
Van den Stock, J., Tamietto, M., Zhan, M., Heinecke, A., Hervais-Adelman, A.,
Legrand, L. B., et al. (2014). Neural correlates of body and face perception
Frontiers in Behavioral Neuroscience | www.frontiersin.org 7 June 2016 | Volume 10 | Article 128
Zito et al. Perceptual Differences in the Visual Hemifields
following bilateral destruction of the primary visual cortices. Front. Behav.
Neurosci. 8:30. doi: 10.3389/fnbeh.2014.00030
van Doorn, A., Koenderink, J., and Bouman, M. A. (1972). The influence of the
retinal inhomogeneity on the perception of spatial patterns. Kybernetik 10,
223–230. doi: 10.1007/bf00288741
Vuong, Q. C., Friedman, A., and Read, J. C. (2012). The relative weight of shape
and non-rigid motion cues in object perception: a model of the parameters
underlying dynamic object discrimination. J. Vis. 12:16. doi: 10.1167/
12.3.16
Wang, Y.-Z., Wilson, E., Locke, K. G., and Edwards, A. O. (2002). Shape
discrimination in age-related macular degeneration. Invest. Ophthalmol. Vis.
Sci. 43, 2055–2062.
Zimmermann, P., and Fimm, B. (2002). A test battery for attentional performance.
Appl. Neuropsychol. Atten. Theory Diagn. Rehabil. 110–151.
Zito, G. A., Muri, R., Mosimann, U. P., Nyffeler, T., and Nef, T. (2015a). ‘‘Higher
visual functions in the upper and lower visual fields: a pilot study in healthy
subjects,’’ in Engineering in Medicine and Biology Society (EMBC), 37th Annual
International Conference of the IEEE (Milan: IEEE), 2522–2525. doi: 10.1109/
EMBC.2015.7318905
Zito, G. A., Senti, T., Cazzoli, D., Müri, R. M., Mosimann, U. P., Nyffeler,
T., et al. (2015b). Cathodal HD-tDCS on the right V5 improves motion
perception in humans. Front. Behav. Neurosci. 9:257. doi: 10.3389/fnbeh.2015.
00257
Zito, G. A., Müri, R., Mosimann, U. P., Nyffeler, T., and Nef, T. (2014). A new
method to measure higher visual functions in an immersive environment.
Biomed. Eng. Online 13:104. doi: 10.1186/1475-925x-13-104
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Zito, Cazzoli, Müri, Mosimann and Nef. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution and reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Behavioral Neuroscience | www.frontiersin.org 8 June 2016 | Volume 10 | Article 128
